Microbiotic soil crusts are common features of the surface of fallow land in Western Niger. We investigated the interaction between these microbial covers and the porosity and water dynamics of soils at the surface of a Sahelian landscape. The soil pore system was examined by microscopic observations and mercury porosimetry. The soil water retention capacity was measured using a Richard pressure membrane apparatus. Runoff measurements were performed in situ at a one m 2 scale under natural rainfall.
INTRODUCTION
Microbiotic soil crusts result when communities of extremely drought-resistant microorganisms, dominated by cyanobacteria, colonise the soil surface. These crusts are commonly found in arid environments where the vegetation cover is sparse. In the Sahel of Western Niger (West Africa), microbiotic soil crusts are essential components of fallow land and "tiger bush" ecosystems (landscapes of alternating bands of vegetation and bare ground aligned along the contours; Valentin et al., 1999; Malam Issa et al., 1999) . They occur as a surficial organo-mineral soil layer, usually associated with physical soil crusts, i.e. soil surfaces with a compacted structure, favourable to runoff and interrill erosion (Valentin, 1995; Ambouta, 1997) . Field observations showed that microbiotic soil crusts control the development of physical crusting and the subsequent removal of particles. These observations were supported by laboratory studies of soil aggregate stability and micromorphological characteristics, which demonstrated the prominent role played by microbiotic crusts in soil particle aggregation .
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Despite the abundant literature, the hydrological processes taking place at the surface of microbiotic soil crusts are far from being well understood (Belnap, 2006) . In some cases, lower infiltration rates were observed for soils with microbial cover compared to soils with low levels or no microbial cover (Kidron et al., 1999; Eldridge et al., 2000; Yair, 2001; Li et al., 2002 , Maestre et al., 2002 , while in other circumstances the presence of microbiotic soil crusts led to either positive effects (Loope and Gifford, 1972; Belnap and Gardner, 1993; and Pérez, 1997) or had no effect on water infiltration in soil (Eldridge et al., 1997 and Williams et al., 1999) . More recently, literature reviews from Australia, Israel and North America argued that these discrepancies result from a combination of factors related to methodological approaches, rainfall characteristics, soil factors and the biological composition of crusts (Eldridge, 2001; Warren, 2001; Yair, 2001 ). According to Belnap (2006) , data related to soil bulk density, micro-and macropores and the structure of biological crusts are needed to provide insight into the mechanisms explaining how microbiotic soil crusts affect infiltration and runoff. Soil characteristics, such as porosity, may affect water transit through the soil, depending on the connectivity and the size of pores. However, little information is available in the literature about the porosity system of microbiotic soil crusts, which was quantitatively investigated in only a few cases (Verrecchia et al., 1995) .
Thus, in the present work we focused on soil porosity, runoff and the water retention capacity of soils with microbiotic crusts in Sahelian environments. The study aimed at highlighting soil hydrological processes at the surface of microbially covered soils in a Sahelian ecosystem. The methodological approach was based on comparisons between microbial soil crusts of varied cover and the horizon beneath these crusts.
Results of in-situ runoff measurements are discussed in light of microscopic investigations and laboratory measurements of soil porosity and water retention capacity.
MATERIALS AND METHODS

The study site
The study site is located near the village of Banizoumbou in the western region of Niger (Sahel), 70 km NE of Niamey, the capital city.
The landscape is composed of three major geomorphic units ( Fig. 1 ; Valentin, 1995; Courault et al., 1990) :
-a plateau, formed by Tertiary fluvio-lacustrine deposits ('Continental terminal'; Greigert, 1966) , which is dissected into several sections by erosion and has a slight slope with a maximum of one percent ( Fig. 1 ; Ambouta, 1997) . The plateau vegetation shows a characteristic pattern of alternating densely vegetated bands, comprising small trees and shrubs, and bare soil. The landscape structure is controlled by the downward movement of water and is called 'tiger bush' (Ambouta, 1984; Cornet, 1992; Malam Issa et al., 1999 ).
-sand dunes formed by Pleistocene stabilised-sand with a mean slope of approximately two to five percent (Fig. 1) . These are used for cropping pearl millet and cowpea, and support vegetation areas used for pasture during fallow periods.
-valley systems, formed by aeolian, colluvial and fluvial sands, comprise broad sand plains or sand-filled stream beds with a mean slope of three to five percent (Fig. 1 ).
These are also used for cropping millet and cowpea.
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The climate is typical of the southern Sahel, with a single rainy season lasting, roughly, from May to mid October. Total annual rainfall amounted to 529 mm in 1996 and 534 mm in 1997. These values are slightly below the long-term average of approximately 560 mm (Le Barbé and Lebel, 1997) .
Runoff was measured during the 1996 rainy season from July 16th to October 12th.
Daily rainfall varied from 0.5 to 69.5 mm ( fig. 2a, 13 .4 mm in average) and lasted from 93 to 160 minutes. The rainfall intensity recorded within the first minute and after 10 minutes of rain ranged from 64 to 86 mm/h and 37 to 55 mm/h, respectively. In total, 33 events occurred during the 1996 rainy season. Runoff measurements were made for approximately 20 events.
Experimental Field parcels
The experimental parcels were located within the sand dune geomorphic unit (Fig. 1) . The textural characteristics of soils in this area are shown in table 1. These consisted of poorly aggregated sandy materials of low organic matter content, which are consequently prone to physical crusting. All the experimental parcels were protected from animal disturbance and human activity. They were cut and treated with preemergent herbicides to prevent plant growth. The parcels were classified into two types depending on the age of fallow and their initial microbial cover: "densely covered" or "thinly covered" surfaces. Densely covered surfaces comprised three parcels of nine m 2 located on an area kept fallow and undisturbed for 3 years (a1, b1, c1; Table 2 ). The percentage of microbial cover ranged from 75 to 80 % (Table 2) . Thinly covered surfaces comprised three similar experimental parcels located on 1-year fallow and supporting early stages of microbial cover (a2, b2, d2; Table 2 ). Existing crusts insu-00338694, version 1 -14 Nov 2008 (physical and microbial) were mechanically destroyed to obtain an initial stage of crust formation. The initial percentage of microbial cover ranged from 10 to 30 % (Table 2) .
In situ measurements
Field experiments entailed observations and visual estimations of soil surface cover, as well as measurements of runoff under natural rainfall. A runoff plot was set up inside each experimental parcel by using a five centimetre high metallic frame. The metallic frame used to isolate the runoff plot included a collector system to catch runoff water and soil particles removed from the area. The collector system was formed by a gutter located at the downslope side of the frame, connected to a tank by a pipe. Runoff was measured by determining the amount of rainfall, with a pluviograph located next to the experimental field, and the volume of water which flowed out of the plots following rainfall events.
The soil surface cover inside the runoff plots was measured using the point-quadrats method. The experimental plots were divided into 100 areas of 0.01 m 2 each. A total of five crust features grouped into microbial or physical types were defined on the basis of visual criteria. Soil surface cover was estimated for the initial surface and at three occasions throughout the rainy season.
Laboratory analyses
Two types of samples were analysed in the laboratory. The first type was a sample of microbial cover obtained by removing the superficial layer (ca. 2-5 mm thick), comprising living microorganisms, with a knife. The second type was devoid of microbial cover and samples were made by collecting soil from the underlying soil horizon of areas with microbial cover, and from the bare surface of recent fallow land.
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The water retention capacity, porosity and micromorphological characteristics of the two sample types were investigated. The soil water retention capacity was determined using a Richard pressure membrane apparatus. The samples were submitted to pF 2.5 and 4.2. The water retained was measured by weighing the samples before and after the experiments. Mercury porosimetry experiments were performed with a
Micromeritics 9310 porosimeter with an operating pressure between 0.003 and 200
MPa. The surface tension and contact angle between the mercury and the soil material were 4.84 N.m -1 and 130°, respectively. The micromorphological characteristics of dry and wet samples with microbial cover were investigated using a JEOL JSM 6400 SEM and a high resolution Hitachi S-4200 SEM equipped with a Polaron LT 7400 cryopreparation system (Cryo-SEM).
Statistical analyses
Statistical analyses were made using XLSTAT 2006 (ADDINSOFT ™, Paris, France).
In order to compare runoff height and ratio from different plots, an analysis of covariance (ANCOVA) was performed, with runoff as the dependent variable and microbial cover and rainfall as covariates. Multiple comparison tests (Tuckey's HSD) were used to test for significant differences in water retention capacity and porosity obtained for samples with dense and thin microbial cover and bare samples.
RESULTS
In situ observations of soil surface cover
The results of our estimations of the soil surface covered by microbial crusts are shown in Table 2 . During the rainy season, for densely covered soils, the area covered
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by microbial surface crust decreased from its initial value (75-80 %) to final values between 32 and 39 % ( Table 2 ). The percentage of microbial cover on thinly covered parcels also decreased from initial values (10-30 %) to 3-12 % at the beginning, and then 0-8 % at the end of the rainy season (Table 2) .
Rainfall and Runoff measurements
Runoff was measured under rainfall intensities ranging from 3.5 to 48.5 mm h . 2b ), which means that runoff was generated earlier at the surface of densely covered plots compared to thinly covered plots.
Water retention capacity measurements insu-00338694, version 1 -14 Nov 2008
The percentage of water retained by samples with dense microbial cover at pF 2.5 ranged from 12 to 14 % (mean 13 % ± 0.7, table 3). These water retention capacity values were significantly higher, at 95 % confidence intervals, than those of thinly covered samples (mean 7 % ± 0.5). The water retention capacity of samples with dense microbial cover was also significantly higher than that of samples lacking microbial cover, i.e. horizon underlying the crust (3 to 4 %, mean 3 % ± 0.6, 
Mercury porosimetry
The mean values of total pore volume ranged from 207 to 287 mm 3 g -1 and 212 to 233 mm 3 g -1 for samples with and without microbial cover, respectively ( fig. 3 ). The mean values for total pore volume were significantly higher for samples with dense microbial cover compared to those with thin cover and the horizon underlying the crusts ( fig. 3, table 3 ). No significant difference was observed between thin cover samples and samples from underneath the crust. The pore diameter corresponding to the maximum mercury intrusion was between 8.5 to 15 μm for samples with microbial cover and 27 to 35 μm for samples from the underlying horizons ( fig. 3 ).
The cumulative pore volume curves (cpv) displayed different trends between samples ( fig. 3 ). Mercury entry was continuous into pores between 0.006 and 400 μm in samples with dense microbial cover ( fig. 3) . On the contrary, samples from soil with thin cover and crust-underlying horizons showed no or very little mercury entry for pores between 0.06 and 10 μm ( fig. 3 ).
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Micromorphological observations
The surface of bare samples was composed essentially of rounded quartz grains with rare fine particles, whereas soils with microbial cover showed a superficial network formed by cyanobacterial filaments (F, fig. 4 ) and extracellular polymer secretions (EPS, fig. 5 ). The soil pore system and particle organisation differed between samples from soil with dense microbial cover, and samples from thin cover and bare soils. Soil with dense microbial cover showed round-shaped pores up to 50-60 µm in diameter (arrows, fig. 4 ) and elongated angular-shaped pores with variable diameters ( fig. 4 ), both resulting from the rearrangement of filaments and EPS at the surface. At depth, pores appeared to be caused by cyanobacteria filaments growing in the grain inter-spaces (F, fig. 6a ) and gluing these together, as well as causing finer soil particles to adhere together (Mc, fig. 6 ). Pores in soils with low microbial cover were essentially formed by the spaces between sand particles (V, top part of fig. 6b ), partially filled with fine particles (Pl, fig. 6b ) and sparse filaments (F, fig. 6b ). The profile underlying the crust showed a more porous structure, comprised of tubular and interconnected packing voids partially filled with fine particles, and vesicular and round-shaped pores formed by particle compaction (see bottom part of fig. 6a and b). These pores were similar to those found in bare samples.
The behaviour of the microbial cover upon wetting is illustrated in figures 3a. B.
Cyanobacteria of the genus Nostoc showed a spectacular increase in colony volume during rewetting, when the mean diameter of the colonies grew from 50-100 µm to 150-(Schizotrix), with the mean diameter of individual filaments growing from 10-15 µm to 15-20 µm .
DISCUSSION
Micromorphological structure of microbial crusts
Using mercury porosimetry, we observed a significant difference between the pore system of samples with dense microbial cover and samples from soil with either thin cover or from the horizon underlying the crust ( fig.3) . Samples with dense microbial cover contained large pore volumes, and mercury entered, gradually and continuously, through pores of 400 to 0.006 μm in size ( fig. 3; table 3 ). In contrast, the extent of mercury entry in samples of soil devoid of microbial cover and soil with thin microbial cover was low and discontinuous between 10 and 0.04 μm ( fig. 3; table 3 ). Verrecchia et al. (1995) reported similar results with mercury porosimetry, and found a higher proportion of small size pores (4 to 40 µm in size) in sandy soils with microbiotic crusts compared to sandy soils without these crusts.
Characterisation of the micromorphology of the samples also suggests that cyanobacterial cover is inducing differences in the soil pore system and soil particle organisation ( fig. 4 and 5). Soils from thin cover parcels mainly showed elongated and rounded pores that are similar to those found in the sub-crust and bare soils. These pores result from packing of sand and silt particles, infilling by finer particles, compaction due to raindrop impacts and, to some extent, faunal activities and the action of plant roots (Valentin and Bresson, 1992; Malam Issa et al., 1999) . These mechanisms likely formed the main pores revealed by mercury porosimetry in soils with thin cover, whose sizes ranged from 100 to 400 µm. On the contrary, soils with dense microbial cover showed additional pores, with elongated and rounded shapes and various diameters, ranging
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between 0.04 and 50 µm ( fig. 4 ). These pores are caused essentially by bacterial filaments which are interwoven in a superficial network; additional pores are formed by the remaining spaces between adjoining filaments (fig. 4) . The occurrence of these pores may be related to the physico-chemical properties of cyanobacterial material, which include polymers of hydrophilic and hydrophobic molecules (Stanier and CohenBazire, 1977; Decho, 1990; Kidron et al., 1999) . The hydrophilic molecules are polysaccharides, known as adhesive exopolymers that help microbial cells to maintain an association with other cells and the physical environment (Decho, 1990) . The hydrophobic molecules are glycoproteins and lipopolysaccharides; these increase the adhesive forces between adjoining filaments (Kidron et al., 1999; Malam Issa et al. 2001 ). Both hydrophilic and hydrophobic components confer adhesive properties to cyanobacterial material; these properties control the ability of filaments to adhere to one another and bind soil particles, and hence affect the soil's spatial organisation. The number of microbial pores appeared to increase with the complexity of the superficial network suggesting that the presence and geometry of the pores observed in the microbiotic soil crusts are directly affected by cynaobacteria derived polysaccharides.
Thus, the difference in pore systems between the two types of soil samples, revealed by mercury porosimetry, reflects the presence of micropores derived from cyanobacteria.
Those pores are expected to play a significant role in the water regime of soils with a dense microbial cover.
Microbial cover affects water retention
We observed that water-holding by soil at field capacity (pF 2.5; fig. 5B ). The spectacular size increase of cyanobacterial colonies in these samples, compared to dry samples ( fig. 5A ), is due to water absorption and subsequent swelling of cyanobacterial material (Galun et al., 1982; Campbell, 1979; Decho, 1990; Belnap and Gardner, 1993; Verrecchia et al., 1995) . The polysaccharide sheath and extracellular secretions of cyanobacteria have been shown to absorb water in amounts several times their original volume, within a period of time ranging from a few to 30 minutes (Durrell and Shields, 1961; Campbell et al., 1989; Belnap and Gardner, 1993; Verrecchia et al., 1995; Kidron and Yair, 1997) . Water absorption by swelling polysaccharide material allows cyanobacteria to withstand osmotic and matrix water stress (De Winder et al., 1989) and to recovery from drought periods (Ernst et al., 1987) . This function also has a significant effect on increasing soil moisture and absorption of rainfall.
Microbial cover affects water runoff
The results of runoff measurements showed that, regardless of the type of soil cover, high runoff values were obtained. These results reflect the linear relationship between runoff and rainfall characteristics ( fig. 2b ; Casenave and Valentin, 1992) .
However our results also showed that water runoff is influenced by soil microbial cover; the amount of rainfall necessary for runoff generation on densely covered surfaces was lower than that on surfaces with thin microbial cover ( fig. 2b ). Final runoff measured on densely covered surfaces was also higher compared to values obtained on surfaces with low microbial cover ( fig. 2b) .
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The difference between the runoff characteristics of the two soil types is due to the difference in micromophological features (the presence of microbial pores; fig. 4) and the behaviour of microbial material upon wetting ( fig. 5) , i.e. repellence by hydrophobic polymers and water retention by polysaccharides. Hydrophobic polymers, which are abundant in dry soils with microbial cover, are known to prevent quick wetting of microbiotic crusts (Kidron et al., 1999; Malam Issa et al., 2001 ); their repellent effect ceases when soils become wet (Kidron et al., 1999) . Earlier runoff generation on soils with dense microbial cover is also caused by the repellent effect of hydrophobic polymers at the beginning of rain events.
The polysaccharide material can have two types of behaviour upon wetting:
limited swelling allowing water circulation in the microbial pores, or a large degree of swelling which reduces microbial pore size. Mazor et al. (1996) found that high concentrations of polysaccharides in sandy soils reduced the amount of water that penetrated the soil. By comparing microbiotic soil crusts containing different types of polysaccharides, these authors demonstrated that runoff generation at the surface of microbiotic soil crusts is positively correlated with the water holding capacity of polysaccharides. According to Verrecchia et al. (1995) , pores between 4 and 40 µm can be blocked when cyanobacterial polysaccharide material absorbs water and swells. The polysaccharide content of samples with a dense microbial cover is 1.5 to 3 times higher than that of samples with low microbial cover (Malam Issa et al., 2001) . Our cryo-SEM images show the spectacular increase in the size of cyanobacterial colonies during wetting of microbiotic crusts due to the swelling of polysaccharide material in their mucilage ( fig. 5a,b) . This increase likely reduces the size of pores formed by the cyanobacteria, and subsequently induces the high amount of runoff found on welldeveloped microbial cover.
The roles of other factors, such as soil texture, in runoff generation on soil with microbial cover, may also be considered. In microbial soil crusts of Western Niger, soil texture is greatly affected by accretion of fine airborne particles which are trapped by cyanobacterial material. Accumulation of these particles, observed in thin soil sections, may also contribute to pore clogging and thus to runoff generation on soil with dense microbial cover.
These results agree with work supporting the positive role of microbial cover in runoff generation (Kidron et al., 1999 , Eldridge et al., 2000 , Yair, 2001 . Figure 5B 
